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WC haw: (icvclopcd  a crycrgcnic  Sal@]il c Phase.
Stabiliz.cr  (S1’S) to mcc,t nlicrow’avc. oscillator I)hasc
ncrisc  rcquilcmcnts.  I’hc S}’S rmploys a high Q, X-band
srrl~pllilc.  Ciic.lcclric” whislwing gal Icry” mock rcsonalm as
a disc. rilninator’  to stabilize a quarw cryslal  oscillator, At
an U1MIC41  froqucncy  of 7.9449 Gllz, whh a loa(icd <) of 6
mi l l i on  wc prcvicrusly  rcporlcct an “opcil l oop”
discriminator noise floor (rcfc.rrwl to 100 hf}lz) of
approximate.ly So(f) :: -110 dll/f3 (/117.)  for offset
frcqucncics  from f=- 11 IY, 10 f=- 1 kl IZ

I’rc.cisc,  tuning o f  t h e  sapphil  c rc.so~lan(
frc.quc.ncy now allows illll)lcrilclltalioll  of Silr’ll)lific.d
conli  01 100])s logclkr with sllJj~~rcsscd-carIicr  ~Jtasc
sc.nsing circuitry,. ‘1’hcsc. illl~~ro~~ctllc,llts  make. lrossildc, an
ultra-low noise demonstration of CIOSC,CI-lCJO])  S1’S
lwfm nian(.c.  1 Tom 1 117. to 1 kllz a comparison of the
S}’S wi[ll  a quarl?. c.ryst al rcfcmnc.c  oscil later of the
highcsl quality showcct  only Ihc noise of the rcfcrc.llcc
osc.illalor.  “1’0 our knowlc.dgc these, rc.solts  rc.prcsc.]lt lhc
]owc.s[ llhasC noise ill a CfC)sCd h)[)  or ac[ivc  S8})p~lirC
oscillator [o cfatc at tcmpc.raturc.s  ac.hic.vablc  wi[h liquid
!Iilrogc.n (77K or highc.r).

hlbciwti.w

‘f’hc  S1’S  is based On a novc.t technology Consislil)g
of a Cooled sapphire “whispcring  gallc.ry” mock X-band
rcsonalor  operating in lhc tcn)pcraturc  range frcml 70
Kelvin to 330 Kelvin - value.s acllicvablc.  by IliC8n  S of
radiative and thcromclcctric  cooling.

Sapphire, oscillator tc.chno]ogy is prcscn[ly  under
(icvc.loplllc.nl  ill a  nunlbc,r  o f  labc)ratoric.s,  wilh
cxpcrimcmlal  rc.sulls  for designs at 300K[I ,2,3],
77K[ 1,3,51, 3SK[6],  and liqui(l  helium tc.1111~.ratllfc[7,X,9]
bc.ing rcporlc.d.  Osc.illator  configuraIiclns  iriclucic,
{Iisc.lilllirl:itors,  active oscillators, and slabiliz,cd  local
osc.il  laters (S’J’Al ,0) u’i[h dc or ac (1’ound)  fwquc.ncy
sc.nsing.  Suppressed car[icr tcchniquc.s  haw km app]icd
10 rrclivc  (br;r!Sc) and passiw  (S’J’AI  ,()) configurations.

‘J”hc S}% c.[a~doys  a srrpphirc  resonator opcral ing at
80 Kelvin in a sul)prcsscd-carrier STA1,0 c.onfigulalion.
.

‘l”his wc,]k W’8S c[irlic.cl OU1 at UK Jc.t l)jopulsion
1,at,c)oralory, California lns[itu[c  of ‘1’cc.hno]ogy,  ulidc! a
ccmtrwt v,’id~ the National Acronaulics  and Spare
Admi]listration.

Wc prcsiously  rc.porlcd  af) open loop mcawrcmc.nt  of lhc
phase noise. of a quarlz  oscillator of (IE hifjlcst  quality,
widl a noise floor rcduccd by 10 10 45 d}) for offset
frc<}ucncics  frolil  1 }17. 10 1000 lIY.[ 1 ], By accurately
tuning the sapphire rcmnator, ald  with simplified
circuitry Ihus allowc.d,  wc arc now able. tc) lnakc a similar
c.loscd loop comparison.

While  Ihc previous tests used an unturmd  sal)phirc
clc.rncnl, our systcrn  is clc.signed [0 opcralc  cr ilicfilly
couplc41  at 8.1000 G}Iz with a loaded Q of 15 Inillion at
77 Kcl\’ir}. Acivantagcs  of this syslcm include a
simpl ific.d clc.c[ronic ccmf]guration  resulting in rcduccci
~d~asc IIoi: c. A 3-s[agc mc.thcsdology  has bc.cm (ic.vc.lope.ci
to provi(ic  lhc accurate. frcquc.nc.y tuning  (Ilc S}’S sys(crn
rc uilc.s.4

]<c.sowrlcsr’1  ‘hnin~

‘I”hc sapl)i]irc “whispering gaikry” mode rcsonmrr
frcqac.ncy can hc turd in Ihrcc stages, ‘1’IJc.  flrsI  slagc  of
tuning  is rctiuc.lion  of tile  physical sin of the. sapj)l]im
rcscmtor  wlmcl  hy niacl)ining  dov.’ll tiIc oulcr  diatnc.lc.r
and thick nc.ss. I’hc. WG}l 10,0,0 mode used in our
rc.scmator  collfinc.s  lcn azimutiial  c.yclc.s wili]in t h e .
sap~)hirc. whc.cl. Rcduclion  of lhc, \\kc.1’s  dimensions
simply rcduc.cs  the. availab]c path lc.nglh for the 10 cycle.s
dlc.rcby increasing, [tic rcscmant frequency. ‘J “hc goai is to
rcxiucc  the sapphire, v.’hcc,l  such lhat ii’s natural rcxonar)t
frc.qucmy  for ihc. WC;] 110,.,0 mocic at ‘i’7K is just  above
8,1000  GI17. ‘l”hc rcmining  two tuning mclhods  can
Ihcn be used 10 lower the rc.sonan{  frcqucnc.y  to 8.1000
G117J,  ‘1’hc mac.ilining  prcsccss  was done in smps so m
not 10 crvc.rsimc)t  our c:ipabilily  to fine. tune Iilc. rc.sonrint
frcquc.ncy.  l~igurc  1 shows ti]c rc.sonant  frc.qucncy of tiIc
rc.sonaior  a~ prc.dic.tcd and as mc.asurcd for cac.h ilc.ralion
of nlachining.  A sin~pic model was USCCI  10 chcmc the
rcducticm  in each of the, sapphire’s dinicnsions  awl prt.ciicl
the ncw monant  frcqacmcy.

‘f ‘Im sccon(i  tullin~  mc.lllo[i rcciuccs the rc.senator’s
operational frc.qucncy t~y suspc.n(iin~  a sapphire (ii sk
above. the. rc.senator wtlcll  as in l;igurc, 2. ~’hc aciciitionai
[iiclccll  iC Illalcrial  prc.scnl in the rc.sonanl fic.l(is cfccrcascs
Ihc rcsonallt  frc.quc.ncy. Mc.c.harlical  tuning  with tim
sqrphirc  (iisk used in our cxpcrirncnl  rcduccd the rcscmnt
frcquc.ncy up to =30 hl 1 Ix (if posit ionc.d ciirc.cd  y on top
of OIC rcsona!or).  ‘J’hc sapphire tunins  disk is atmhcd m
a n~ic.romc.lc.r  drive so mc.c.hrmicril  tuning earl bc dwrc
~f’hilt. tfIc rc.sonamr  is cspcralinp. This tcchniquc  provi(ics
a large tming range, but is susccpliblc,  and vc.ry
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Fi,g(lw 1. Rc.sonant  };rcqucmy  as a l;unclicm  o f
}<cxmlclr Ou(c.r l)iamctcr

scnsilivc,  10 viblalion. The tuning disk must bc. hcki
cxtrcmcly  rigidly so as 10 remain pardlcl  to the rc.sona[or
WIKZ1, ‘J’hc rcsonamr’s  frcqucmcy  slabilily  is tic.lc.rmillcd
by 1110 lulling disk’s lllcfc.11311ical/\  ’itlr:ltiollal  stability [lO].

Sapptlir~ resonator whe~l

l;igurc  Z hfcchanical “J’uning  with disk above,
I Csonalor  Wllcc]

‘1’lIc lhird  lulling  ]ImNho(i  provi(lcs  filic Iuninp. of tllc.
rcsonalol’s  frcquc.ncy by the.rlnal]y cmllrollinfl  lhc
I c.smlal.or.  ‘II Ic. l}wrmal  expansion of Llm sa~~j~l)irc  rcducc,s
tho rc.smmlll  frcquc.ncy. ‘Jlw sal@iirc.  whcr.1 as piclurcci
ill ]:igurc  2 si(s 011 a co])pc.r ]wst wvallj)cci wit!] a hc.alcr
wire. ‘1’hc coppc.l-  lms[ sils ill a Jnc.lai  cylin[ie.r of lesser
Il)c.rmal c.on(iaclivity. “1’his cylin[ic.r  is hca( sunk to (tic.
oulcr  col)pcr resonator colltainnlcllt  can which is coolcxi
by liqui(i  niliog.cn. in tltis fas}]iotl  wc C. fin coo] tlic
sal)phirc.  [0 liquid ni I rop,c.n  Iclnpc.raturc  or warln it to a

f(w Kelvin  abOVC  7’/K.  l’i~urc  3 SI1OW an CXt\li”lj)lC.  of

lhcrIrially hlning rc.smmi II frcqmmy.  Rcsonarll fwqucmy
ali(i lcsolm(or  tclll~wraltlrc  arc showrl  as a ful}ctioll  of the
hmtc.r  imvw aly~l kxi in L}IC  I c.sonatol,

l~igurc  3 shows ;a~)proxin~atciy  300 kllz of tuniilg
capability. ‘J’hcmforc  tiw coarse turrinfl  mc.lhods  musl
i,rill~~  Illc,  rc.sonan[  frc<]{]cltcy  10 within  sc,vcrai hutl(ircli
k] Iz. l~ou tile, l;ca[cr  wscmb]y curmntiy inst:illcd  iil the.

resonator we caicuialc  a maxirmm opalionai  hcm.r
$
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wire c.urrc.nt as scc.n in P’ip,urc 4. At maxilnum  heater
~mvc.r the rcsona[c)r  woui(i  o}wralc at =f-KK wilh  rcsonarlt
f~~,l[]c.])~y I“CLiUCCd by := ] h4 [ J2.,

l;i~urc,  4. Raciiation  ljimil  of IIcatcr  W i r e
‘1’c.rn~wti[urc vs. 11 cater Power

}:or rccluc.cci  vibrational scmilivily  an(i there.fore
oplimum  phase rmisc pcrfollmmw,  wc opted  to mac.hint
lhc. sapphire resonator V,IIICC1  to wi[hin 500 k}] 7. above
%100 Gllz so lhal Illc.rmai tur]ins  brings tiic  resonator 10
the OJW’il[iOnal fWfUCOCy.

Rmplirw awi Quaiily  ]Wlor

opcralicm  at the cicsify]  frc.qucncy is csscnliai  for
olJtinli?ation  of tlm c.icclronic  configuration, hut mom
criticai  to tile pc.rformanm  as a low noise slabili~cd
mcillalor  arc tl)c chnrac.lcrislics  of tlm discrinlinator,  ~’hc
discrinlinaling  povm is dctcnninc(i  by IIm hifih Q c.avily
olmrating in a critically coul~lc.ri  contiitioll.  Critical
coupling with a Ioa(icd  Q of 15 l~~iliioll  rcqllircs  both a
sapphire intrinsic Q an[i mona(or  coupling Q of 30



mil l ion ,  our  clcsign  usc.s wavcguidc  coup]ing porls
opc.ratinc  below natural cutoff  duc (o “J’cflon  dickmic
loading of the wavqyridc.  ‘l>hc length of lhc Tcfton
insc-r[ dc.rcminc.s the coupling 10 the sappbirc  resonator
WINXI. 1.oading the c.nlirc  wavcguidc porl pmiuccs an
ovcrcouplcd condilion and there.fore a low c.oulding  Q.
1,oading a porlion of lhc wavcguidc. pm can provide m
the, critical coupling wc desire, aldlough  other lnorc
subllo  aspms of the rf Wansmissicm  syslcm  alsc)  c.f’feet
tlm c.ouplii)g  Q,

q’tm sa~@lirc resonator’s intrinsic Q is c.xpc-md  to
bc approxirnatc.ly 30 mi l l i on  al “/’/K, hut  hc. ac(ual

ilih-insic  Q is affcclcd by impuritic.s,  resonator gcoljlc.iry
and alignmc.nt, and tcmpcramrc.  Wc have opc,ratc.{1  Ihc
sapphire resonator very near critical coupling  al lcndcd
Q’s arou])d 12 million. I’hc coupling and qu:ility  factors
arc dc!cxmincd  from si[np]c. t~~c.aslircr)~cllts,  ‘1’IIC  [imc
conslant  required for a 3 to 1 decay in si~nal ~oltagc
ampli[udc (T31)  is mcasurd  by lmlsillg the X-bald  drive

signal awl monitoring Lhc dc~aying rcflcclcd  sigtlal  from
lhc rc,sonamr. 3’IIc maximum voltage arnpliludc.s  of LIIC
rc.flc.c.lcd  rcxma(or ilipul and OLitput (\~ir,,VC,,lt)  a m also
lnc.asurcd, (iivcn  the resonant frequency (f) the. following
calculations arc pcrfmncd  10 dc.[crn]ilic the l]icasur  cd

(Ioadc.d),  intrinsic and coupling tim cwistants (’I T ‘t )
an(l the rcspmlivc  quality factcws (Q,,,, Qi, Q, ). ““ “ C ‘

(1)

(3)

g’hc.sc  ]mrarnctm arc. rcgular]y  n Iollilotcd 10 clwlmlc.

(tic various systcnmlic  clianf),c.s  JIIadc 10 sa:isfy  dcsii:l~
aid Pc]fonnancc ~:mls.

‘1’hc high Q resonator is inl~)lcrrrc.n[cd  in ibcf
Srr])phirc.  l’imc Stabili7,c.r sys[clrI skclc.llcd  i It I ‘i:,ui C 5

which includes supprc,sscd  carrier feedback circuitry[l 1 ],
I’hc S1’S circuilry  is dc.signed for optimum scmsitivity
and phase noise pmformancc  al crilic.al  coupling. Whcm
undc.r or ovcmxruplcd  the sigilal  rclurnc.d from the
rc.senator is Jlo[ a small (nominally zero) signal.
l’hcrcforc  illl~)lcrllcrltatiorl  of a rf fc.cdback amplifier
rcquims prc-procc.ssing of lhc rc.senator return signal.
Al(c.JlualioJl  and filtering Succcssfu]ly  artificially produce
the snlall signal fc-cdback, tmt smnc  of the supprc.sscd
C.:illic.r  sensitivity is s:KrifiC.C4i,

Critimllv

Al

Figure 5. Block l)iagrarn of  Sapjd)ircf  P h a s e
Slabili7.cr  (S})S)

“J’CS(S  of the S1’S wc.rc made at SO Kelvin using tl)c
circuit slmwrr irl I;ig. 5 wilhout  the rf fcmlback amplifier
altd  with tbc. circulator rc.place.d by a 3 dll hybrid  coul]lcr.
‘1’hc hybrid allows ]owcr noise opc.ration  at lhc c.xpcnsc

of signal strc.ngth.  “J’hc utldcr  coupled resonator with a
loaded Q of approximate.ly g million dic.tatcd  initial
lcsling  without supprc.sscd carric.r ir~~plc.rrlcl~[atioJ~.  ‘J’hc
currcr]t  tunirlg slcp gave m opc.rational  frcqucrlcy of
M995 6117J which forcc(i usc of a frcqucmy syrithcsizcr
during phase noise l~~c.asllrc.ll]cl~ts.  lji~urc. 6 shows tbc,
S1’S ~d~asc. noise (rcfcrfcd  10100 hf}l~.)  nmasurcd nl 100
hffl~,  and al X-band. q’hc plmc. noise uic.asurc.d at 100
M}IY, was liil~ilcd  by the 11 P332SA synlhcsim usc.d  to
~:crlcratc  the. ]Ilcasurcnlc.llt  systcJo’s  lc)cal oscillator
frc.qucr)cy. hflcasurcnwmt  of the phase noise al X-band,
IIOWVC.1”, rcdaccd t h e .  systcr-n  scmsitivity  to  lhc,
sylld)c.si?.c.r IIoisc, tllcrc.by  lowering lhc. rrlc.astlrcmcnt
systc.rn rtoisc  floor. lJnforlunatcly the X-band
nlc-asurcnmlt  is also limi  [cd by ttm mcawlrcnmt  syslc.]n
misc. floor, so tl]c ac(llal pllasc noise pc.rformancc  of rhc.
S1’S wi(l)out ihc rf fc.cdbac.k arnplific.r  is Ilot known al
tliis  linic..

Also dis~daycd in Figure 6 is the phase noise of the
Vcflron  \’~XO used in lhc S1’S. ‘J’his  phase noise was
Incas ur-c.d  hy using tllc rc.senator as ar] opcm loop
(lisc~ill~irj:t(oj. ‘1’tlc.  OIXVL loop disclitnina[or  noise. floor’
was Ilot mc.asurcd  at that tiric, but is c,x~mctcd 10 bc
similar 10 ~]rcvious  liic.asurcmcnL$ [ 1].
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l’igurc  6. Oosc.d  1,oop S1’S Phase Noise rcfcrrcd to 100 hf 11?

j:vr]clusic?!

A closed-loop dmonstr’alien of Sapphire Phase
St21~ili7,cr pcr fmmalwc has been made. ]Jossiblc  by
accrrralc.  tuning of lhc s a p p h i r e  rcsonalor. In lhis
dc,lnonslration,  the S1’S OUI]NI[  frcqucrrcy  was C.omparc,d
Wilh  an rrllra-low  nc)isc quartz crystal rcfc,rclm oscithrlor,
with the rc.su]ts  showing only [hc phase noise of Ihc.
rcfcrcxwc cmillator. ‘1’llis  rc~mscnts  the lowc.st  phase,
noise mcmuremcmt  for a sapphire oscillator opcraling at
tcmjmat  urcs ac.hicvablc  by c.oolir]g with liquid  nilrogc.n,

Actual phase noise. for the S1’S was not measure.{i in
this (ml, only dclcrlnincd  to bc lCXS than that of the,
rcfcrcncc osci 1 laIor. A second sap~hirc  resonator is
prcsc,nLly  hc.ing tuned 10 al]ow [his  pcrfor’inalicc  LO I)c

ac.curutcl  y dc.tc~ lnincd,
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